Chemical reactions between quantum-state-controlled molecules at ultralow temperatures display unique characteristics, including a strong dependence of the reaction rate on longrange interaction potentials [3, [8] [9] [10] [11] , scattering resonances that are extremely narrow in energy [12] [13] [14] , and reactive pathways dominated by single scattering channels [15, 16] . Even the elusive transient intermediate complex was directly observed in the ultracold bimolecular reaction of KRb molecules [17] , where the preparation of rovibronic ground-state molecules at sub-microkelvin temperatures energetically minimized the number of product channels available for the complex to dissociate, resulting in its long lifetime. It is natural, then, to inquire about the exact lifetime of this complex. Additionally, one may consider the consequences of this long lifetime, as well as the possibility to control the reaction at this stage.
The role of long-lived complexes has been discussed extensively in the context of ultracold collisions between rovibronic ground-state bialkali molecules (AB) where the atom-exchange pathway to reaction products (AB + AB → A 2 + B 2 ) is energetically forbidden, but twobody loss of molecules were experimentally detected [5] [6] [7] . Such losses limit the phase space densities achievable in these systems, and present a major obstacle to realizing novel quantum phases with long-range, dipolar interactions in bulk molecular samples [18] [19] [20] [21] . It was proposed that a long-lived complex (A 2 B * 2 ) allows time for a third body (a photon [22] or a molecule [23] ) to interact with the complex, leading to the observed loss. However, the complex lifetimes calculated in these proposals are widely different [23, 24] , which stems from difficulties in estimating the density of states of the complex and uncertainties in whether nuclei maintain their spins during reactions. The loss mechanisms therefore remain an open question, and further experimental investigation is required.
In this article, by studying reactive collisions between 40 K 87 Rb molecules in the presence of varying intensities of 1064 nm light, we observed significant photo-excitation of the complex, manifested as a reduction in both the complex and the product populations. Exploiting this effect, we used light to induce complex loss and, after an abrupt shut off of the light, monitored the population density of the complex reaching a steady state to extract its intrinsic lifetime. Our measurement agrees well with the calculated value based on RRKM theory using full-dimensional ab initio potential energy surfaces (PESs). We also determined the photo-excitation rate constant for the complex at 1064 nm to be 1.6±0.4 µs −1 /(kW/cm 2 ), which is 4 times higher than our theoretical prediction. 
I. EFFECT OF THE ODT ON THE PRODUCTS AND THE INTERMEDIATE COMPLEX
Each experiment begins with a gas of ∼ 5000 rovibronic ground state KRb molecules prepared at a temperature of 500 nK and an average number density of 3.5 × 10 11 cm −3 inside a crossed optical dipole trap (ODT) formed from two 1064 nm Gaussian laser beams ("H" and "V"), as illustrated in Fig. 1(a) . Details of the apparatus regarding the production and detection of the gas were reported previously [25] . At a total optical intensity of 11.3 kW/cm 2 , the trap configuration results in a cigar-shaped cloud of KRb molecules with 2σ
Gaussian widths of 6, 6, and 28 µm along its three principal axes. The ODT intensity varies by less than 4% over these widths and is therefore considered to be constant across the sample. As soon as the KRb sample is created inside the ODT, its density n r decays via two-body loss that can be characterized by the equation
where t 1/2 denotes the reaction half-life, which is empirically measured to be 250 ± 30 ms. In a previous study [17] it was determined that, in the absence of ODT light, this population decay occurs as a result of the exothermic bimolecular exchange reaction,
where * denotes the transient intermediate complex. This pathway is labeled as "1" in Fig.   1 (b). Here, we study the reaction process in the presence of the ODT, and watch for possible effects of the 1064 nm light.
We first probe for changes in the amount of reaction products (K 2 and Rb 2 ) formed while the KRb cloud is exposed to varying intensities of 1064 nm light. A simple change in the overall intensity of the ODT, however, will modify the confining potential felt by the KRb molecules and therefore the temperature and density of the gas, resulting in changes in the rate of reaction which will confound our measurements. To circumvent this issue, we apply a fast square wave modulation to the ODT intensity according to the timing diagrams shown as inset of Fig 2(a) . This creates two phases with variable instantaneous intensity levels, I and I , while allowing the time-averaged intensity of the ODT, I+I 2 , to be kept constant. As long as the modulation frequency, f m , is much higher than the harmonic trap frequencies of the KRb gas f t , the molecular motions are unaffected, and therefore the density and temperature of the gas remain unchanged. We fulfill this requirement by choosing f m = 3 kHz and f t ≤ 0.4 kHz along all three axes of the trap.
As the reaction proceeds, products escape the ODT due to translational energy gained from the exothermicity, and establish a steady-state population distribution around the KRb cloud. The distribution is sampled using ion time-of-flight mass spectrometry (TOF-MS) to provide a relative measure on the amount of products formed. Details of this scheme were described previously [17, 25] . In brief, the region surrounding the KRb cloud is exposed to a nanosecond pulsed UV ionization laser beam with a ring-shaped beam profile and a wavelength of 305 nm. Photoionized products are accelerated onto a time and position sensitive ion detector and counted. The total ion counts associated with each species serves as a proxy for its steady-state density at the instances of the UV pulses. The repetition of the UV pulses is synchronized to the ODT intensity modulation such that we are always probing the reaction during the I phase. The UV pulse occurs towards the end of the I phase to allow maximum separation in time from the previous I phase for the product distribution to settle into steady state.
We accumulated ion data at 10 different values of I between 0 and 22.6 kW/cm 2 while the time-averaged intensity of the ODT is kept at 22.6 kW/cm 2 . The (normalized) counts of K + 2 and Rb + 2 , plotted in Fig. 2(a) , show monotonic decays with increasing values of I, which is at least 75 for each data point. The error bars represent shot noise. Ions are generated by photoionization of the reaction products K2 and Rb2, and therefore the counts reflects the amount of product formed while the reaction is subjected to a particular ODT intensity. The dashed lines indicate offset levels C, obtained by averaging the four data points at the highest intensities in the two data sets. The solid lines are fits to the data using the function indicating a reduction in the amount of products formed as the ODT becomes more intense.
We rule out electronic excitation of the products by the 1064 nm light as the cause for the observed reduction, since the light is far-detuned from any molecular transitions in K 2 and Rb 2 which are formed in the vibrational ground state.
Since products are generated from the dissociation of the K 2 Rb * 2 complexes, it is then natural to question how the complexes are affected by the ODT light. To this end, we probe the complex population at different ODT intensities using an experimental protocol similar to that used for the products (see timing diagram in Fig. 2(b) ). The UV ionization laser is tuned to 354.77 nm and shaped into a Gaussian beam profile overlapping the KRb cloud.
As established previously [17] , this wavelength results in the photoionization of K 2 Rb * 2 into K 2 Rb + 2 . The intensity of the ODT is modulated at f m = 7 kHz, with a time-averaged value of 11.3 kW/cm 2 . K 2 Rb + 2 ion signal is accumulated at 10 different values of I between 0 and 22.6 kW/cm 2 . The normalized ion counts are plotted in Fig. 2(b) .
Similar to the products, the complex also experiences a decay in its population as the intensity of the 1064 nm light is increased. This observation points to the possibility of photo-induced complex loss postulated by Ref. [22] . To verify this hypothesis, we computed the energies and rates for electronic excitations in K 2 Rb 2 using the methods developed in the same reference. The results show that multiple excited states can be reached by the complex's absorption of a single 1064 nm photon, with appreciable transition rate at most of the ODT intensities we explored (see Fig. 3 ). This indicates that in addition to the previously observed ground state pathway, labeled as "1" in Fig. 1(b) , there is a competing excited pathway due to the interaction of the complex with the ODT light, labeled as "2", that is responsible for the decay of the KRb population.
We include both pathways to quantitatively model the data in Fig. 2 . In steady state, the density of the complex is balanced by its formation from reactants, its dissociation into products, and its photo-excitation, as described by the rate equatioṅ
where n c is the complex density, τ c is the complex lifetime, and Γ l is the intensity-dependent photo-excitation rate. In steady state, whereṅ c = 0, the complex density is given by
Given that the complex can undergo single-photon excitation at 1064 nm, we adopt a simple linear excitation rate model Γ l = βI, where β is the rate constant. In this case, equation proportional to the unknown ionization cross section of K 2 Rb * 2 . We fit this function to the data in Fig. 2(a) with A and B as fitting parameters.
Since products are generated at the same rate complexes dissociate, their populations and associated ion counts should simply be proportional to the complex population. From the data in Fig. 2(b) , however, we identify a non-zero offset that is not present in the complex data. This means that products are still formed, albeit at a much reduced rate, in spite of strong complex depletion by the ODT. To account for the offset, we fit the product ion counts to the function N K + 2 /Rb + 2 = A(1 + BI) −1 + C, where the offset C is fixed to be the average value of the four data points with the highest ODT intensities. The fit results are shown in Fig. 2(b) . In a separate measurement using a different timing scheme, we verify that the offset persists up to I = 45.2 kW/cm 2 , the highest ODT intensity attainable in our setup. The origin of these products will be investigated in future work. A potential source comes from the electronically excited complex. Upon spontaneous emission, a fraction of the excited complex may decay into product forming channels on the ground potential surface.
The values of the parameter B obtained from the fits to the K + 2 , Rb + 2 , and K 2 Rb + 2 data in Fig. 2 are all consistent. Physically, B is the product of τ c and β, and therefore quantifies the relative strengths of pathways "1" and "2" (Fig. 1(b) ). At a typical ODT intensity of 11.3 kW/cm 2 , the reaction is ∼ 7 times as likely to proceed via the excited-sate pathway as the ground-state pathway. The absolute values for τ c and β will be determined in the next section where τ c is directly measured.
We note for both the complex and the product ion data sets, the fits capture the overall trend, but yield relatively large mean-squared-errors (MSE). The fits systematically underestimate the lower intensity data points while overestimating the higher ones. This indicates that the linear rate model is insufficient to describe the complex excitation process. In exploring alternative fit models, we found that better fits can be obtained by assuming a nonlinear dependence of the excitation rate on the intensity. For example, fits with an I 2 model yields MSEs of 0.67, 1.1, and 1.0 for the K + 2 , Rb + 2 , and K 2 Rb + 2 data, respectively. However, physical mechanisms leading to nonlinear excitation rates have not been identified.
II. MEASURING THE COMPLEX LIFETIME
The lifetime of the intermediate complex has been measured for a variety of chemical systems [26] [27] [28] , where the use of ultrafast and molecular beam techniques establish a welldefined time zero for all individual reaction events, allowing the process of complex formation and dissociation to be watched in real time. In our experiment, the bulk nature of the ultracold KRb sample makes establishing a time zero challenging, as individual reactions occur stochastically. Fortunately, the optical excitation of the complex observed in the previous section makes it possible to use light to define a time zero. The idea is to first strongly deplete the complex population by exposing the KRb cloud to high ODT intensity, and then monitor its growth to a new steady-state value after the ODT is quickly switched off. In this situation, the kinetics of the complex density can be found by solving equation 3 with the initial condition n c (t = 0) = n 0 , where t = 0 is the time at which the ODT turns off, and n 0 is the complex density at and before the turn off. The solution is
where the 1/e saturation time is the complex lifetime τ c . Note that equation 5 is exact if the ODT turns offs as a step function, and a good approximation if the characteristic turn-off time t off τ c . To minimize t off , we introduce a "kill" beam whose frequency and optical path are identical to the H beam (see Fig. 1(a) ), but whose timing and intensity are independently controlled. The "kill" beam has a 10 -90% turn on transition time of 30 ns, compared to > 200 ns for the "H" and "V" beams.
We implement the following protocol to measure τ c . As the reaction proceeds, the intensities of the ODT beams are modulated with 100% depth at 7 kHz. During the dark phase of the modulation, the "kill" beam is pulsed on for 10 µs with an intensity of 12.7 kW/cm 2 , and the UV pulse probes the complex population at various delay times around the off edge of the "kill" pulse. Here we define time zero as when the UV pulse is 27 ns dealyed with respect to the midpoint of the "kill" pulse transition. The inset of Fig. 4(a) provides a timing diagram of the intensities of various beams. With the addition of the "kill" beam, we adjust the H beam power such that the time-averaged intensity of the ODT is maintained at 11.3 kW/cm 2 , same as in the complex density measurement in the previous section. The K 2 Rb + 2 counts are plotted against UV delay in Fig. 4(b) . The ion count N 0 at UV delay of −1 µs, i.e. when the "kill" pulse is still on, serves as a proxy for n 0 . The data points are fitted using the function N K 2 Rb + 2 = A 1 − (1 − N 0 /A)e −(t−t 0 )/τc , where t 0 is introduced to account for the timing uncertainty. The fit yields a complex lifetime of 360 ± 30 ns. We note that there is a systematic uncertainty in the relative timing between the "kill" and the UV pulses, which is determined by the fit to be 82 ± 7 ns.
Having measured both τ c and B = βτ c , we can now determine the rate constant β for complex excitation by 1064 nm light. For B = 0.61 ± 0.09 cm 2 /kW extracted from the fit to the complex data ( Fig. 2(b) ), we obtain β = 1.6 ± 0.4 µs −1 /(kW/cm 2 ).
III. THEORY AND COMPARISON
Finally, we perform theoretical calculations on both the values of τ c and β and compare them to the measurements. We assume the complex explores the reaction phase space ergodically before dissociating into products/reactants and estimate the lifetime using the RRKM theory [4] 
where ρ c is the density of states (DOS) of the complex, and N 0 is the number of open product channels via which the complex can dissociate. First, we assume that the total angular momentum of the system is J = 1 [29] and is conserved thourghout the reaction.
Second, we assume that the spins of the nuclei are unchanged during the reaction. N 0 is counted based on known values for the exothermicity of the reaction [8] and the rotational constants of K 2 [30] and Rb 2 [31] to be 745. Computing ρ c requires knowledge of the ground potential energy surface (PES) for the KRb + KRb system, which we calculated in full dimensionality using the Molpro package. We used polarizable effective core potentials [32] and solved the electronic Schrödinger equation for the four valence electrons using multi-reference configuration interaction in a large one-electron basis set [33] . Ab initio points were computed for approximately 2000 geometries, selected using Latin hypercube sampling, and fit using Gaussian Process regression [33] . A one-dimensional cut of the PES is shown in Fig. 3(a) . The minimum energy structures agree with Byrd et al, and the corresponding binding energies differ by 15 % or less. Using this PES and following the quasi-classical method developed in Ref. [24] , we calculate ρ c to be 2.6 ± 0.8 µK −1 . The uncertainty is estimated by scaling the potential by ±15%. The resulting RRKM lifetime is 170 ± 60 ns, which is remarkably similar to the measured value.
To estimate the photoexcitation rate constant β, we computed excitation energies and transition dipole moments for the lowest twelve excited states at the complete active space self-consistent field level, using methods otherwise similar to the ground state calculation.
The excitation rate of the complex from the ground state (i) to a particular excited state (f ) is computed as
where c is the speed of light, I the ODT intensity, and b the Einstein B-coefficient for state f . Under the assumption that the complex ergodically explore the ground PES, b can be calculated by averaging the squared transition dipole moment over the local DOS [22] .
Contributions from different excited states are then summed to obtain the total excitation rate Γ l . The rate constant, β = Γ l /I, is shown in Fig. 3(b) as a function of the excitation photon energy. The uncertainty in the calculated excitation rate is limited by the poor fit of the transition dipole surfaces, caused by crossings of adiabatic excited states at which the transition dipole functions are not analytic. Therefore, we also performed calculations where we fit the total squared transition dipole moment, which is unaffected by crossings between excited states, and distribute this squared dipole moment equally over all excited states. The resulting excitation rate is smaller by a factor of two, which we take to be indicative of the uncertainty due to the dipole surfaces. At 1064 nm the excitation rate is β = 0.4 +0.4 −0.2 µs −1 /(kW/cm 2 ), which agrees within a factor of a few with the measured value of 1.6 ± 0.4 µs −1 /(kW/cm 2 ).
IV. CONCLUSIONS AND OUTLOOK
Our identification of the photo-excited reactive pathway in an ultracold KRb gas not only brings new understanding to the origin of molecular loss in this much-studied system [8, 17, 34] , but also has important implications for the losses observed in other ultracold bialkali species whose ground state reactive pathways are energetically forbidden [5] [6] [7] . Because the electronic structure of these systems are comparable to KRb, the complexes formed from bimolecular collisions are also susceptible to excitations and losses induced by the trapping light. The good agreement between the measured complex lifetime and the RRKM estimate validates the method developed in Ref. [24] for calculating the complex's density of states, and, by extension, the complex lifetimes for various bialkali systems therein. Taken together, our results support the argument made by Ref. [22] that photo-excitation is the leading cause of molecular loss in these systems. Avoiding this pathway may therefore facilitate the achievement of molecular gases with higher phase space densities, as well as allow for the exploration of the many new scientific directions such systems promise [4, 19, 21, 35] .
From the perspective of controlling chemical reactions, we show the long-lived complex formed from ultracold molecular collisions provides a new window with which to steer reactions. Exploring the decay pathways for the optically excited complex may further allow for the direct control of reaction outcomes by light. Studying bialkali reactions have yielded many insights and surprises in ultracold chemistry. By further combining quantum state readout of reaction complexes and products, such systems could reveal a rich, microscopic picture of the bond breaking and formation process in a chemical reaction.
